The kinetics of the polymerization of isoprene liquid and vapour occurring on sodium surfaces have been investigated at 60 and 25° C. In the case of the liquid phase polymerization diffusion of monomer to the catalytic surface is shown to be the rate-controlling factor, except when the sodium surface is in the form of a sphere of sufficiently small dimensions.
The kinetics of the polymerization of isoprene liquid and vapour occurring on sodium surfaces have been investigated at 60 and 25° C. In the case of the liquid phase polymerization diffusion of monomer to the catalytic surface is shown to be the rate-controlling factor, except when the sodium surface is in the form of a sphere of sufficiently small dimensions.
The kinetics of the polymerization in presence of toluene are consistent with the view that polymeric chains are initiated by formation of free radicles on the sodium surface, the subsequent propagation occurring while the polymer is still attached to the sodium : termination occurs exclusively by interaction with toluene. In absence of toluene an alternative termina tion reaction, leading to cross linking and requiring 4-6 kcal. more activation energy than the process involving toluene, comes into play.
I n t r o d u c t io n
In recent years an increasing amount of study has been devoted toward gaining a better understanding of the fundamental nature of polymerization reactions. Perhaps the most successful method of approach so far employed has been the systematic study of the kinetics of a wide variety of polymeriza tions, thermal, catalytic and photochemical: As yet, however, little atten tion has been directed toward one very im portant type of polymerization, namely, the polymerization of conjugated compounds in presence of alkali metals. The kinetic method has therefore been applied to the polymerization of isoprene on sodium as a representative example of this class of reactions.
The convenient and accurate dilatometric method of following the course of the polymerization was used. From measurements of the limiting value to which the diminution in volume tends on prolonged polymerization, checked by measurements of the density of thoroughly dried polyisoprene, it has been shown th at the maximum fractional decrease in volume amounts to 0-25 and is independent of molecular weight, certainly within the limits 3000-80,000. The simplest method of preparing a sodium surface on which polymeriza tion might be conducted is undoubtedly by distillation of sodium under high vacuum conditions onto the cool walls of the reaction vessel, which may then be sealed off from the sodium supply. Such films are, however, quite un suited for kinetic measurements, since their non-uniformity prevents the effective area of the sodium catalyst being estimated with any degree of accuracy. It has accordingly been found necessary to conduct experiments on the readily measurable surface area of an appreciable quantity of solid sodium introduced into the reaction vessel by the following method. After thorough evacuation and flaming of the pyrex apparatus sketched (figure 1), fragments cut from the centre of a large piece of sodium were sealed in. After distillation of the requisite amount of sodium from to and then from B to G at 10~5mm. pressure, the apparatus was detached from the main vacuum line and immersed in an oil bath at ca. 140° C. The desired amount of purified molten sodium could be poured into the reaction vessel (D ) which was then sealed off from the remainder. Normally, sufficient sodium was introduced into the reaction vessel to cover the bottom completely, giving a plane surface of area equal to th at of the cross section of the reaction vessel; it was then permissible to eliminate the internal dropper On certain occasions, however, it was found necessary to introduce only very small globules of sodium. In such cases the internal dropper, E, was of value in regulating the amount of sodium transferred to C. The by-pass tube facilitated evacuation of the sodium during the distillations, and also allowed for the return of the sodium in C if too much had been shaken through the dropper. Using such a technique it was possible with reasonable certainty to introduce globules of 3 mm. diameter into the reaction vessel. Following the introduction of sodium the reaction vessel was reattached to the vacuum line, and sealed off at F after filling with the required volumes of isoprene and diluent (as measured in calibrated side tubes) by liquid air distillation. In certain instances when it was desired to recover unpolymer ized isoprene from such reaction vessels ' breakable seals ' of the type indi cated in figure 1 ( O) were attached. The polymerizations were carried out in 60 and 25° C thermostats, con trolled by toluene-mercury regulators to 0*01° C.
The molecular weights of the polymers obtained were calculated from measurements of the viscosity of dilute solutions in benzene, using a small volume Ostwald viscometer (flow time for benzene ca. 80 sec.) using the well-known relation , mol. wt = K lim c-> 0 C
where 7]r represents the relative viscosity of a benzene solution of concentra tion c (g./lOOc.c. solution). The value adopted for the constant K was 60,000 (Gee 1940) . Crude isoprene was obtained by the cracking of dipentene, using a modification of Whitby and Crozier's (1932) form of isoprene lamp. The isoprene fraction of the volatile product was converted into the corre sponding sulphone which was twice recrystallized from water, dried and decomposed by heating with caustic alkali. The regenerated isoprene, after washing well with alkali and with water and then drying, was distilled at once over sodium within 1° C range (b.p. 34° C). The yield from the sulphone was 86 %. For details of the method of cracking and practical assistance we are indebted to Dr E. H. Farmer.
Of the hydrocarbon diluents employed, the toluene was a B.D.H. sulphur-free product, the benzene was of Analar grade, and the cyclohexane was supplied by B.D.H. as spectroscopically pure. All three solvents were stored in sodium-coated tubes separated from the main vacuum line by taps and mercury cut-offs.
Polymerization of pure isoprene on a clean sodium surface a t 60° C is preceded by a short inhibition period, during which no polymerization can be detected, and normally extending to about 30 min., though experience has shown th a t this period is particularly sensitive to any slight oxidation of the sodium surface. The first visual sign of the commencement of poly merization is the gradual formation of a crimson zone surrounding the contours of the sodium to a depth of ca. 2-3 mm. As polymerization proceeds it may be shown, by inverting the reaction vessel, th a t a distinct solid layer consisting of swollen polymer forms round the sodium surface, and this gradually increases in depth till the reaction vessel is completely filled.
A typical curve representing the progress of polymerization of 100% isoprene on 'plane' sodium surfaces a t 60° C is given in figure 2. I t is im portant to note th at the curve shows a relatively sharp maximum. From visual estimates of the thickness of the polymer layer at somewhat later stages in the polymerization, it is estimated th a t the maximum rate of polymerization occurred when a layer of ca 6 mm. had been formed on the surface.
Kinetics of polymerization in presence of toluene
The kinetic data obtained when polymerization runs are carried out in presence of added amounts of toluene on plane sodium surfaces give, in the main, curves of the type indicated in figure 2 I t is noteworthy that while the addition of 35 molar % toluene reduces the molecular weight of the polyisoprene by a factor of ca. 4 the maximum rate of polymerization is diminished by only 36% under such a change of conditions. Polymerization runs, in which sodium surfaces of various configurations were used, have shown th a t this lack of correlation between the rate of polymerization and the chain length of the polymer produced resulted from the fact that the diffusion of the monomer through the inter vening polymer layer to the site of reaction was the factor determining the observed rate of polymerization. The details of these experiments, and the maximum rates of polymerization measured, are given in table 2, while the course of the runs is indicated graphically in figure 3. Provided the extent of the induction period depends on characteristics of the surface and not on those of the liquid, it may be shown th a t the probability of observing the complete course of the induction period, before diffusion becomes the rate-controlling factor, is much increased by the use of curved surfaces. Thus in figure 4 the rate of diffusion (to unit surface area) with extent of reaction (per unit area) based on the following equations, which are derived on the assumption th a t Fick's law holds: " " rate of diffusion for a plane surface,
where t is the thickness of polymer layer, the diffusion coefficient and A C the difference in monomer concentrations a t the polymer-liquid and polymer sodium interfaces; .
where rx and r% are respectively the radii of curvature of the surface and the polymer-liquid interface.
The fact th at the observed maximum rate of polymerization is in fact increased by the use of spherical sodium surfaces demonstrates the existence of the diffusion effect, while the stationary nature of the maximum rate in the case of the smaller hemispherical surface indicates th a t the true maximum rate of polymerization was attained before the rate of diffusion became the rate-controlling factor.
That the maximum rate of polymerization observed on surface (c) should be uninfluenced by diffusion seems reasonable may be shown as follows. The maximum rate is attained when 1*16 c.c. (dry) polymer have been formed. Swelling measurements show th a t polyisoprene swells to twice its volume in presence of isoprene at 60° C. Allowing for this factor, it may be shown th a t the radius of curvature (r2) of the polymer liquid phase interface (assumed hemispherical, since the radius of curvature of the sodium surface was much smaller than the cross-sectional diameter of the reaction vessel) is 10-5 mm. when the maximum rate of polymerization is attained. Inserting the relevant values in equation (1) DAG is found to be 2*1 x 1017 mol./ sec./cm. Unfortunately, the value of D for this actual system has not been measured; Abkin and Medvedev (1939) have, however, determined the same quantity for the very similar system butadiene-polybutadiene, and extra polation of their results would indicate a value of 1-5 x 10~3 cm? sec.-1 at 60° C. If this value is applied to the present case, AC 1-4 x 1020 mol./c.c. The saturation concentration-th a t a t the polymer-liquid boundary-is estimated at 3-Ox 1021 mol./c.c., on the grounds th a t isoprene swells the polymer to twice its normal size with little total volume change. In this case then it seems reasonable to assume th a t the monomer concentration in the neighbourhood of the sodium is but little removed from the saturation concentration.
By conducting polymerizations on hemispherical sodium surfaces of sufficiently small dimensions it has been found possible to determine the true maximum rate of polymerization over substantially the whole range of toluene concentrations. These results are incorporated in I t is evident from table 3 th a t the maximum rate of polymerization is related to the concentrations of isoprene and toluene by the following simple relationship:
The mean chain lengths of the polymers obtained in these experiments are also included in table 3, and it is evident th a t a parallel relationship exists between the chain length and the isoprene concentration, viz.
chain l e n g t h -g , ■
A similar series of experiments performed a t 25° C, using hemispherical beads where necessary, yielded quite analogous results, though here it was unfortunately not found possible to extend the measurement of true maximum rates of polymerization to quite such high isoprene concentra tions. The data are given in table 4.
Polymerization of undiluted isoprene
Examination of the polymer obtained by polymerizing undiluted isoprene shows th a t the larger portion of it is quite insoluble in benzene. Thus in one typical instance a sample mechanically shaken with benzene for about 30 days in a tube which had previously been carefully evacuated gave an in soluble residue amounting to 65% by weight; the mean molecular weight of the soluble portion was found to be 210,000. Further shaking of the portion insoluble in benzene with 10 % ethyl alcohol in benzene resulted in no further solution being effected. As in the case of reaction mixtures con taining toluene, the observed maximum rate of polymerization was very markedly increased by substitution of hemispherical for plane sodium surfaces. It was, however, never found practicable to prepare a surface of sufficiently small dimensions to allow for observation of a rate of poly merization greater than 1-66 x 1018 mol./sec./sq. cm.; in this particular run there was no appreciable interval following attainm ent of the maximum rate of polymerization during which the rate of polymerization remained constant. The conclusion is therefore th at the true rate of polymerization of 100 % isoprene exceeds 1-66 x 1018 mol./sec./sq. cm. (It will be noted th a t in one case (see table 3) a higher rate of polymerization has been measured: conditions were specially favourable in th at particular run, since the dia meter of the bead was only 2-04mm. as compared with the 3-0 mm. for the second smallest bead prepared during these experiments, and, moreover, the isoprene used was derived from a sample which had previously been partly polymerized; there is good reason to believe th a t this latter factor should have diminished the extent of the induction period.)
Nature of induction period
It seems almost certain th at the induction period observed in the poly merization reaction under consideration must arise from one of two possible causes. The induction period may represent the time taken for the establish ment of the maximum (stationary) number of centres from which poly merization may proceed, or alternatively the period during which are destroyed adventitious impurities in the isoprene (or solvents), which may inhibit the initiation of polymerization chains, or by their interaction bring polymerization chains to a premature termination.
A series of experiments, in which the polymerization of 100 % isoprene on plane sodium surfaces was interrupted a t some point during the induction period, showed th a t the molecular weight of the polymer formed during the induction period is quite significantly lower than th a t of the soluble portion of the polymer obtained from completed reactions: (The maximum rate of polymerization on a plane surface occurs after polymerization of ca. 180 x 1019 mol./sq. cm.) While these figures are not very concordant among themselves they indicate th at the molecular weight gradually increases throughout the in duction period to a value which is still significantly smaller than the final mean molecular weight of the soluble portion of the polymer. In order to decide whether the induction period and/or this initial depression of the molecular weight were due to the presence of a trace of some efficient chain terminator, a 6 c.c. sample of isoprene was subjected to a series of successive partial polymerizations. The reaction vessels used for this purpose were provided with breakable seals ( figure 1 (G ) ). On attainm ent of the maximum rate of polymerization the remaining unpolymerized isoprene was trans ferred to a similar reaction vessel via the breakable seal. Benzene was then distilled into the first reaction vessel in sufficient quantity to effect the solution of the polymer (carried out in vacuo). This cycle was carried out four times with the results shown in table 5.
As is evident from table 5, with each partial polymerization the mean chain length during the induction period shows an undoubted upward trend, while the induction period becomes shorter and shorter. We conclude th at a contributory factor to the induction period is the presence of adventitious traces of impurity in the isoprene, even when purified with extreme care. It was observed that while the initial stages of the first polymerization of the above series were accompanied by the development of the (normal) crimson coloration near to the surface, in the subsequent runs such coloration was quite absent. In view of the observations made by V. N. L 'vov (1937) th at the products resulting from the copolymerization of butadiene q,nd iso butylene in presence of sodium were of an intense cherry red colour (and Vol. 178. A. extremely sensitive to the influence of moisture and air), and also th at the presence of isobutylene has a marked effect in reducing the chain length of sodium-catalysed polyisobutadienes, it seems quite likely th at the impurity concerned is in fact a mono-olefine. 
--
P represents the number of molecules of isoprene polymerized at the point when the maximum rate of polymerization is attained.
The last two experiments included in table 5 represent an attem pt to detect whether the addition of monomer molecules to polymer chains is a relatively slow process (of the type suggested for the photochemically initiated polymerization of methyl methacrylate (Melville 1937) , so th a t the completion of a polymer chain might occupy several minutes. Run V, using isoprene from run IV, served as a control, conducted similarly to the previous four experiments. In the case of run VI, using the isoprene re covered from V, the reaction was interrupted a t the same stage (as measured by the contraction), and by inverting the reaction vessel it was arranged th a t the polymer already formed should have an opportunity of continuing growth in absence of sodium. The extent of reaction perm itted on the catalytic surface was regulated so th a t it was still possible to disperse the polymer quite rapidly in the remaining isoprene by manual shaking. On leaving the inverted reaction vessel at the previous polymerization tem pera ture (60° C) for 24 hr., the remaining isoprene was found to have polymerized on the sodium surface, while, as will be seen from table 5, the polymer removed from the catalytic surface did not undergo any further growth. I t is unfortunate th at the insoluble nature of the polymer formed subsequent to the completion of the induction period (when it could be assumed th a t all adventitious chain terminators would have been eliminated) prevents repetition of such experiments during the later stages of the polymerization. I t is to be noted th a t the results presented in table 5 cannot well be explained completely in terms of the presence of adventitious inhibitors. Thus it was found th a t only 35 % of samples of polyisoprene obtained by complete polymerization of undiluted isoprene was soluble in benzene. I t is to be supposed th at the soluble portion resulted from the early stages of the polymerization, owing to the interaction of inhibitors, and any possible premature chain terminating effect due to the state of the surface. Assuming for the moment th a t the predominating factor is the presence of inhibitors, each molecule of which terminates one chain only, it follows from the molecular weight of the soluble portion (210,000) th a t the concentration of inhibitor is 1*13 x 10-2 molar %. On the other hand, by polymerizing a sample of isoprene in successive stages (as in table 5), it is possible to obtain from it at least 70% soluble polymer of mean molecular weight 73,000, corresponding to an inhibitor concentration of 6*5 x 10-2 molar %. I t must therefore be supposed th a t an additional contributory factor is in operation in determining the molecular weight during the early stages of polymeriza tion. Since the care taken in preparing the catalytic surfaces should rule out the presence of possible inhibitors on the sodium surface, it would seem th a t the effect must be due to some more fundamental characteristic of the sodium surface during the induction period.
Polymerization of isoprene vapour on sodium
I t is well known th a t conjugated substances readily polymerize on sodium even when their vapour pressure is much less than the saturation value. A system of this type is more suitable for kinetical study than the corre sponding liquid system, since the effective monomer concentration may be readily altered without introducing diluents which may well have a compli cating effect on the kinetics. Moreover, an additional advantage accrued in the case of isoprehe, since, in distinction to the liquid phase reaction, a stationary maximum rate of polymerization was observed in absence of toluene.
The apparatus employed consisted of a suitable reaction vessel, round which water at 25 or 60° C could be circulated, attached to a constant pressure gas burette of the normal type. The burette was controlled manually, variations from the initial pressure being observed through a telescope focussed on the meniscus of a wide-limbed mercury differential manometer. Sodium films were deposited on the walls of the reaction vessels in two w ays: thicker sodium films were introduced by distillation from a side tube which was then sealed off, while small yet measured amounts of sodium were in some instances introduced, using the method described by Burt (1925) , lymerization of isoprene on sodium surfaces whereby sodium could be electrolysed through the soda glass walls of the reaction vessel; the strength and duration of the electrolytic current gave an accurate estimate of the amount of sodium introduced in this way. Figure 5 represents the course of a polymerization carried out on a thin film of sodium, consisting of 1*12 mg. introduced electrolytically. The temperature was 25° C and the vapour pressure of isoprene ca. 370 mm. I t will be noted th at the rate of polymerization gradually reaches a maximum value which is maintained for some time before finally diminishing again. A few experiments carried out on thicker sodium films yielded results the general nature of which agree well with those obtained by Abkin and Medvedev (1936, 1939 ) from a careful study of the analogous butadiene reaction. They may be summarized as follows. The rates of reaction in the pressure range 100-350 mm., measured on one particular sodium surface following the completion of the induction period, were found to conform to the following expressions: a t 25° C, R = 5*80 x 1010p2-7mol./sec., and a t 60° C, It = 3*85 x 1013p1,4mol./sec., where p is the gas phase pressure of isoprene in mm. Hg. The absorption isotherms of isoprene on the polymer which had previously been allowed prolonged exposure to oxygen were determined over the same pressure range and found to approximate to the forms a t 25° C, G = 1-52 x 1014p 2-5, and a t 60° C, G = 3*00 x lO16^1* 25, where C represents the concentration of isoprene in the polymer in mol./c.c. These empirical relations yield the following expressions for the rate of polymerization in terms of the isoprene concentration: a t 25° C, R = 2*50 x lO-5^1* 08mol./sec., and a t 60° C, R = 1*35 x 10~5<71>12 mol./sec., in agreement with the first order nature of the analogous butadiene reaction, as found by Abkin and Medvedev. In the concentration range common to the measurements a t 60 and 25° C (viz. 1*5 x 1019 to 6*0 x 1019 mol./c.c. polymer), the ratio of the rates of polymerization (at equal monomer concentrations) has a mean value of 3-08, corresponding to an activation energy of 6*4 kcal.; the figure is similar to the activation energy of the butadiene polymerization obtained by Abkin and Medvedev, viz. 7*3 kcal.
Interpretation of kinetic data
There is no reason to suppose th a t the polymerization of isoprene on sodium departs from the generally recognized view th a t such reactions are of a chain character, involving three distinct phases, namely, initiation, propagation and termination of the chains. I t will be convenient to consider in th a t order the nature of these three processes in the light of the informa tion outlined above.
I t has been shown th a t the kinetic data relating to the polymerization of liquid isoprene suggest the validity of the equations
where R and v represent the rate of polymerization and the chain length of the polymer formed:
[/] and [T] refer to the concentrations of isoprene and toluene. I t is evident from theseequations th at the rate of initiation of chains (= R/v) is independent of isoprene or toluene concentrations. Assuming the zero order nature of the initiation process, it may readily be shown by the normal stationary state procedure th at the only type of terminating reaction consistent with equation (2') involves the interaction of the active propa gating centre with toluene.
Nature of initiation reaction
The various possible alternatives may in the first place be classified according as to whether or not the initiation process involves the irreversible incorporation of sodium into the chain centre. Incineration of samples of polyisoprene, obtained from the polymerization of 100% isoprene and of isoprene mixed with an equal proportion of toluene, failed to reveal the presence of even traces of sodium in the polymer. In the latter case the detection of sodium should have been extremely easy, since the incineration of the 1 g. sample would have yielded 0*01 g. sodium sulphate for each sodium atom incorporated per polyisoprene molecule. I t must accordingly be assumed th at the reaction mechanism must be such th a t at no stage is sodium incorporated in the polymer chain. Some confirmation of the absence of sodium in the finished polymer arises from the experiment mentioned above in which polymerization was carried out on 1-12 mg. sodium at 25° C. During this reaction 12 g. isoprene were polymerized, without the sodium deposit showing any marked decrease in size or density. I t is to be noted th a t even if all the sodium were incorporated in the polymer so th at each polymer chain contained one sodium atom the molecular weight would be 250,000.
This evidence conflicts with the views of Abkin and Medvedev (1936, 1939) regarding the mechanism of the polymerization of butadiene vapour on sodium. They conclude th at the initiation reaction consists of the forma tion of definite disodium complexes of the type Na-CH2-C H =C H -CH2-Na, the chain growth thereafter occurring by successive insertions of manomeric molecules between one of the sodium atoms and the hydrocarbon portion of the complex. As no termination reaction is specifically mentioned, this mechanism would lead to the expectation th a t the finished polymer would contain two sodium atoms per molecule.
From the experimental data available it is possible to estimate the activation energy required in the initiation process. The overall activation energy of the polymerization (AE) may be resolved into three components, representing the activation energies associated respectively with the initiation (A Ef, the propagation (A Ep) and the termination processes
A E may readily be calculated as 1 TO kcal. from the variation of the quantity K with temperature (tables 3 and 4), while the temperature variation of Kx (tables 3 and 4) yields a value for (AEpof -3-4 kcal. The activation energy of the initiation reaction is accordingly 14-4 kcal.
The initiation reaction is almost certainly in itself a composite reaction, consisting of three possible consecutive phases: the adsorption of an isoprene molecule to the neighbourhood of the sodium surface, any activation on the surface, and possibly desorption of the activated complex so formed. The activation energy measured will correspond to the slowest process. I t is unfortunate th at no detailed study of the adsorption of conjugated hydro carbons on alkali metals has been made, with the result th a t no decision has been reached as to the mode of adsorption involved. There seem good grounds for supposing th at the chemisorption of isoprene concerns the attachm ent of the isoprene in the form -CH2-CH=C-c h 2-I c h 3 to the positive ions forming the sodium crystalline lattice. From a considera tion of the mutual forces between the isoprene molecule and sodium ion, it must be supposed th at the maximum value of the activation energy required for the formation of such an adsorption complex would be the resonance energy of the isoprene molecule. While this quantity has not been determined, it should not vary greatly from the figure of 5 kcal. obtained by theoretical and experimental methods for the butadiene molecule (Lennard-Jones and Coulson 1939). I t may be concluded therefore th at the activation of the isoprene at the catalytic surface is not the rate-determining factor.
It is therefore necessary to identify the 14*4 kcal. energy with a desorption process, involving the cleavage of a carbon-sodium linkage. Two alternative mechanisms which include such a step must be considered: in the first, the adsorbed isoprene molecule leaves the catalytic surface in active form, the chain propagation occurring thereafter away from the sodium surface; the second alternative is th at the chain growth of each polymer molecule occurs while the molecule is still attached to the catalytic surface by the original carbon-sodium linkage, desorption of the finished polymer molecule occurring at some time subsequent to the termination of the chain growth. In both cases the factor controlling the rate of initiation is thus in effect the rate at which sites on the catalytic surface are vacated. In view of the experimental fact that the rate of initiation is independent of isoprene (and toluene) concentration, it is necessary to suppose th at in the first case in the concentration range examined the catalytic surface is always saturated with isoprene molecules, while in the second case the additional assumption must be made that the termination of the chain growth in no way affects the life time of the polymer molecule adsorbed on the surface. While there is no readily apparent method of deciding experimentally between these alterna tives it is felt that the adsorption complex Na-CH2-C H = C H -CH2-represents a more likely initiation centre than a desorbed isoprene molecule, which would so readily revert to its stable configuration.
Nature of propagation reaction
In view of the conclusions drawn as to the nature of the initiation reaction it follows th at the propagation reaction must be of the free radical type. Evidence has been provided (Midgley 1937; Ziegler, Grimm and Wilier 1939) that conjugated molecules may become incorporated in polymer chains in the 1-2 sense, e.g. CH2-CH-...
CH
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c h 2 as well as in the 1-4 sense, e.g. ...-CH2-C H = C H -CH2--That both modes of addition are in operation in the present case also has been suggested by X-ray observations carried out by Dr G. A. Jeffrey. Polyisoprene samples, both in the unstretched and stretched condition, failed to give any indication of the X-ray phenomena associated in the case of rubber with regularity of structure. The possibility th at the lack of structure was attributable to the irregular distribution of isoprene units orientated in the two possible ways -CH2-C = C -CH2-and -CH2-C = C -CH2-
CH3H H CH3
was eliminated by submitting a sample of polybutadiene-prepared under the same conditions as the polyisoprene-to X-ray examination. Since, in this case also, no evidence of regularity of structure could be obtained, it must be assumed that both modes of polymerization, 1-2 and 1-4, do actually occur.
Nature of term ination reaction
There is good reason to suppose th at toluene acts as an effective term i nating agent through chemical interaction with the centre of growth, as distinct from the physical interaction normally associated with 'solvent action', since it was found th at addition of cyclohexane produced no appreciable effect on the polyisoprene formed. Thus in one instance, in which 38 molar % cyclohexane was added to the isoprene, the polymer obtained at 60° C was only 30 % soluble; the molecular weight of the soluble portion being 217,000 in excellent agreement with the data obtained for polymers ob tained from undiluted isoprene. Benzene, on the other hand, produces an effect comparable with th a t of toluene: in one experiment a t 60° C, using 46*7 molar % benzene, the maximum rate of polymerization (and judging from the fact th a t the maximum rate of polymerization was maintained for a considerable portion of the reaction it represented the true maximum rate of polymerization) was 2*1 x 1017 mol./sec./sq. cm. and the mean chain length was 530. This would indicate th a t the rate of production of initiation centres was 4-0 x 1014 per sec.-a figure in reasonable agreement with th a t obtained in presence of toluene, viz. 6*5 x 1014. From the ratio of molecular weights obtained under equal molar concentrations of toluene and benzene it may be deduced th a t the termination reaction involving toluene is some 3*6 times more efficient than th a t involving benzene.
The kinetic evidence shows th a t even where only 2*9 molar % toluene is present the termination of polymer chains is wholly effected by toluene: this is also in agreement with the complete solubility of the polymer obtained at such low toluene concentrations-as contrasted with the partial insolubility of the polymer obtained when no toluene is present. In absence of toluene therefore an alternative termination mechanism, the efficiency of which is considerably less than th a t involving toluene, must come into play. The onset of insolubility may be due to one of two characteristics of the addi tional termination mechanism; the deactivation of each growing chain may be accomplished by interaction wdth points in other polymer molecules which are of abnormal chemical activity (e.g. pendant vinyl groups formed, when propagation of the polymer chain occurred by 1-2 addition) thus pro ducing a net or cross linked structure; alternatively, the efficiency of the terminating reaction may be so small th a t the polymer becomes of such dimensions as to become inextricably entangled with other polymer mole cules, even in the presence of solvent. This latter condition would give rise to an almost infinitely great rate of polymerization, but since even the highest rate of polymerization observed experimentally appeared to be controlled by the rate of diffusion, there are no experimental grounds for dismissing this possibility. I t is, however, rendered less likely by the observation of Bronsted and Volqvartz (1939) th a t polystyrenes of mole cular weight of the order of 1,000,000 could be dissolved in benzene.
Polymers of similar insolubility are obtained when isoprene a t pressures below the saturation vapour pressure is allowed to polymerize on sodium surfaces. I t is reasonable to suppose th at the nature and energetics of the initiation, propagation and termination reactions concerned in this 'gas phase ' polymerization are identical with those of the corresponding reactions involved in the later stages of the polymerization of undiluted liquid isoprene. From the fact th at a stationary maximum rate of polymerization is established in the case of the 'gas-phase' reaction, it must be assumed th at a termination reaction is in operation. In order to explain the overall energy of activation of the liquid phase reaction being some 4-6 kcal. greater than th at of the gas phase reaction, it is necessary to suppose th at the termination reaction, which produces insolubility, requires 4-6 kcal. greater activation energy than the termination reaction involving toluene.
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